We studied white-light generation in water using spatiallystructured beams of femtosecond radiation. By changing the transverse spatial phase of an initial Gaussian beam with a 1D spatial light modulator to that of an Hermite-Gaussian (HG n,m ) mode, we were able to generate beams exhibiting phase discontinuities and steeper intensity gradients. When the spatial phase of an initial Gaussian beam (showing no significant white-light generation) was changed to that of a HG 01 , or HG 11 mode, significant amounts of white-light were produced. Because self-focusing is known to play an important role in white-light generation, the self-focusing lengths of the resulting transverse intensity profiles were used to qualitatively explain this production. Distributions of the laser intensity for beams having step-wise spatial phase variations were modeled using the Fresnel-Kirchhoff integral in the Fresnel approximation and found to be in good agreement with experiment.
Introduction
An ultrashort pulse propagated through a transparent medium can be transformed into a white-light continuum which can extend from the ultraviolet to the infraredand, and this wellknown phenomenon occurs in a wide variety of media [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . The ultrafast white-light generation is useful for various applications such as femtosecond time-resolved spectroscopy, optical pulse compression for the generation of ultrashort pulses, or as a seed pulse for optical parametric amplifiers, and biomedical applications [2, [13] [14] [15] [16] [17] [18] [19] [20] .
Self-phase modulation [5] [6] [7] , self-steepening [21] , and parametric four-photon mixing [6] are some of the mechanisms that have been invoked to explain the white-light generation. However, the primary process responsible for the phenomena of white-light generation is selffocusing, which causes the pulse to compress in space, resulting in a corresponding increase in the peak intensity [7] . When a threshold peak power for a white-light continuum wl th P is just above the input pulse power, the beam transformed into white-light continuum appears to the eye as a white spot. As the input peak power is increased to a few wl th P , a colorful ring pattern appears surrounding the central spot. The resulting beam appears to the eye as a white light disk surrounded by a distinct, concentric, rainbow-like pattern. Experiments have shown that the threshold power wl th P for white-light generation coincides with the calculated critical power crit P for self-focusing [4, [7] [8] [9] [10] 22] . Experiments conducted by Brodeur and Chin [23, 24] Studies of white-light generation in liquids, which typically have nonlinear contributions to the refractive index about 10 3 times larger than that for gases, can reproduce many important features of the processes at much lower laser powers and on a much smaller scale under laboratory conditions [25] . According to Marburger's formula [26] , it holds for the critical power of self-focusing n is the linear refractive index of the medium, and 2 n is its nonlinear coefficient. The self-focusing length of the beam with a spatial Gaussian distribution of intensity at the input of the medium [26] is given by:
( )
where P is the beam power and 0 a is the radius of the beam profile at the 1/e level of intensity. The self-focusing length, sf L , varies as a function of the beam radius, 0 a , and the ratio of the peak power over the critical power for self-focusing, crit P P . In the present paper we show that by changing the transverse spatial phase of an initial Gaussian beam to that of an Hermite-Gaussian (HG n,m ) mode, we were able to generate beams exhibiting phase discontinuities and steeper intensity gradients. The previous experiments emphasized that the locus of conical emission was controlled by local diffraction catastrophes produced by any kind of aperture [27, 28] . In the present case the situation is much clearer. When the spatial phase of an initial Gaussian beam (showing no significant white-light generation) was changed to that of a HG 01 , or HG 11 mode, significant amounts of white-light were produced. The self-focusing lengths determined by the peak powers and radii of the lobes in the resulting transverse intensity profiles were used to qualitatively explain this production, because self-focusing is known to play an important role in white-light generation. Distributions of the laser intensity for beams having step-wise spatial phase variations were modeled using the Huygens-Fresnel-Kirchhoff diffraction formulation in the Fresnel approximation and were found to be in good agreement with experiment.
Experimental procedure
In the experiment, an 800nm Ti:sapphire laser system (Spitfire, Spectra Physics) with a typical power of about 1W and pulse duration ~50fs was employed. From Eq. (2), for constant beam power the self-focusing distance is proportional to the square of the beam size so decreasing the beam size decreases the self-focusing distance. Therefore, to shorten the length for white-light formation we reduced the beam size by using an optical telescope. For generating taylored phase variations we used a Spatial Light Modulator (SLM), Jenoptik SLM-S 640/12, which is a liquid crystal modulator with 640 stripe-shaped pixels and 12 bit resolution to change the transverse spatial phase of an initial Gaussian beam to that of an HG n,m mode. Its active area is 63.7 mm x 7 mm, and the transmission for a wavelength range (430nm-800nm) is >75%. In the following the formation and recording of the resulting transverse intensity profiles together with their analytical form are presented. Subsequently the experiments of white-light generation of these beams are described.
Experimental formation of HG beams
HG modes are a family of stable transverse laser beam modes which are structured perpendicular to the propagation axis. These modes are approximate solutions of the wave equation, valid for weak focusing (paraxial approximation). The well-known normalized HG mode distributions are
where k , z w , z R , R z , and n H are the wave number, beam width, phase front curvature radius, Rayleigh range, and nth order Hermite polynomials, respectively.
( ) arc tan( )
is the Gouy phase [29] [30] [31] . The experimental setup to change the spatial phase of an initial Gaussian beam to that of a HG 00 , HG 01 , HG 10 , or HG 11 mode is shown in Fig. 1 . HG beams were formed by using the SLM with a required phase mask. Since the SLM was used twice in the experiment to generate HG beams, the power incident on a cuvette with water (taking into account all optical losses) was reduced to 397mW. For the repetition rate of our laser system of 1 kHz and the pulse duration 50 fs τ = we obtain the input peak power of the laser pulse 7.94 .
in P GW = Since we used a 1D SLM, to generate the spatial phase of the HG 11 the beam passed the mask twice, both times with the required horizontal polarization. The display of the SLM was divided into three parts with phases shifted by 180°, as is shown in the inset of Fig. 1, diagram  (d) . The center of the beam was positioned for the first pass at the border of the 1st and 2nd portions (pixel 118) of the mask, and for the second pass at the border of the 2nd and the 3rd portions (pixel 468) of the mask. Consequently, after two passes in the pairs of the left and right halves and the top and bottom halves of the beam the phases were shifted by 180°.
Although we are able to generate the spatial phases of HG 00 , HG 01 and HG 10 , except for HG 11 , without using the SLM twice, we used for all measurements the fixed geometry, utilized for the generation of HG 11 , in order to have the same conditions for all HG beams. In this configuration, for obtaining the spatial phases of HG 10 and HG 01 beams the phases of the 1st (relative to the 2nd) and the 2nd (relative to the 3rd) portions of the mask were not changed. The liquid crystal phase masks to generate the spatial phases of HG 00 , HG 01 , HG 10 and HG 11 are shown as (a − d) in the inset of Fig. 1 , respectively. Then, we recorded the images of the distribution of the laser intensity in HG beams by using a CCD camera with resolution 1392x1040 and pixel size 4.65 x4.65 at the position 1 (the entrance of the cuvette) in Fig. 1 . Figure 2 demonstrates the distributions of the laser intensity in the HG 00 , HG 01 , HG 10 and HG 11 beams created with the phase masks (a-d) as shown in the inset of Fig. 1 . The HG 00 beam had an intensity distribution of the Gaussian with beam size w FWHM = 1.93mm at a full width at half-maximum (FWHM). Using camera pixels, the value of w FWHM is experimentally obtained from image of the HG 00 beam (see panel (a) in Fig. 2 ) on the beam entrance of the cuvette. Because we modified only the phase within the initial Gaussian beam profile, the resulting HG modes are expected to be superposition of HG 01 , HG 10 and HG 11 and higher modes. This can be seen in panels (b − d) in Fig. 2 by the appearance of side lobes. 
Calculations for HG modes: Apertures with phase changes
The analytical solutions of the distribution of the laser intensity in HG beams are obtained in the form of the diffraction integral by using the Fresnel approximation. In the Fresnel approximation [32] , we have the expression , the integrals over x and y coordinates are independent. The expressions become completely defined after the phases for each HG mode are determined. As an example, the phases for HG 11 mode for x and y directions were defined as 0 0 0 ( ) and ( ) . 0 0 0 Fig. 3 . The normalized distributions of the laser intensity in the cases of HG00, HG01, HG10 and HG11 beams calculated by the integrals with appropriate phase factors (Eqs. (5,6)).
For each mode, we calculated the integrals with appropriate phase factors, and presented them in Fig. 3 . Because we modified only the phase within the initial Gaussian beam profile (panel (a) in Fig. 3) , the resulting HG beams in panels (b − d) of Fig. 3 are expected to be the superposition of HG 01 , HG 10 , HG 11 and higher modes similar to their experimental counterparts in panels (b − d) of Fig. 2 . Numerical decomposition calculations for the modes produced in our setup have shown that for HG 01 and HG 10 phase configuration over 60% and for HG 11 over 40% of the radiation sits in the desired mode; therefore we referred the resultant beams as HG 01 and HG 10 , HG 11 . For the HG 00 mode the phase is constant across the beam and the decomposition is 100% in the lowest order mode i.e., a Gaussian.
Experiments on white-light generation of HG beams in water
In order to generate white-light in water, the created HG 01 , HG 10 , or HG 11 beams pass through a water cuvette of 40mm length placed at distance 750mm from the SLM as shown in Fig. 1 . The images of white-light in water are projected on a frosted paper screen. A narrowband 800 nm mirror was inserted before the frosted paper to deflect the radiation of the pump beam and to obtain images of the generated white-light, avoiding also saturation of the CCD camera. The camera was placed at position 2 to record the white-light on the frosted paper screen.
Panels (a − d) in Fig. 4 show the images of the distribution of the measured light intensity on the CCD for all HG modes generated at the fixed geometry. No significant white-light formation took place in water for the HG 00 mode (panel (a) in Fig. 4) . However, if the phase masks, described above were imposed on the beam and the corresponding HG 01 , HG 10 and HG 11 modes were generated, then the white-light generation took place. The alignment of white-light emissions closely follows the peaks of the intensity in the cross section of the respective laser beams (Fig. 2) . For instance, for HG 01 and HG 10 modes the white-light emissions are formed along the crests of the intensity distribution, and for the HG 11 mode the white-light emissions are concentrated in four lobes near the maxima of the intensity. Fig. 4 . The measured white-light intensity distributions on the CCD for all HG modes generated at the fixed geometry. Intensities are normalized respect to max white-light generation peak in HG11.
Discussion
The generation of white-light that we observed can be justified in the following way. The resulting transverse intensity profiles of HG beams consist of several bright spots (intensity lobes), so we can assess strong white-light generation of the resulting HG beams by calculating the critical powers and self-focusing distances corresponding to these lobes. To trace these parameters for each of the observed lobes we presented each of the observed intensity distributions in top-view panels in Fig. 5 .
The Gaussian beam (HG 00 ) on the entrance of the cuvette has a beam radius a w = 1.16mm at 1/e value of the peak intensity (see panel (a) in The critical power for water was calculated as 3.60MW by using Eq. (1). Inserting the input powers and radius of the lobes into Eq. (2), we obtained the self-focusing distances 11
for the lobes with the highest intensities (main lobes), shown by solid circles in panels (a − d) in Fig. 5 . We can see that for the Gaussian beam, no significant white-light in water can be expected, since the self-focusing distance 11
a sf L cm = of HG 00 is longer than the cuvette length 40mm. In contrast, the selffocusing distances of the main lobes of HG 01 , HG 10 and HG 11 beam are shorter than the cuvette length, so changing the beam configuration to HG 01 , HG 10 and HG 11 beams resulted in the generation of white-light.
Conclusion
In this study, we presented how to generate the beams exhibiting phase discontinuities and steeper intensity gradients by imposing spatial phase masks on the initial Gaussian beam. Namely, HG 01 , HG 10 and HG 11 and higher modes were produced by using a 1D spatial light modulator. The laser intensity distributions for the beams having step-wise spatial phase variations were described with the Fresnel-Kirchhoff integral in the Fresnel approximation and found to be in good agreement with experiment. When the spatial phase of the Gaussian beam (showing no significant white-light generation) was changed to those of a HG 01 , HG 10 or HG 11 mode, we observed significant production of white-light in the main lobes of the intensity distribution. Because self-focusing is known to play an important role in white-light generation, by calculating the self-focusing lengths of the resulting transverse intensity profiles we have qualitatively confirmed this effect. The calculations with experimentally obtained parameters of the beams confirmed that the resulting transverse HG 01 , HG 10 and HG 11 intensity configurations have self-focusing distances shorter than the cell length, while the Gaussian beam requires a longer cell for strong white-light production.
